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Populations of the Closterovirus Citrus tristeza virus (CTV) generally contain defective RNAs (dRNAs) that vary in size,
abundance, and sequence. The variation in abundance of the different dRNAs in a population suggests selection for those
of higher fitness. To examine factors affecting fitness of dRNAs, we investigated a series of in vitro constructed dRNAs for
their ability to be amplified in protoplasts by an efficiently replicated CTV deletion mutant. The minimal sequences required
for accumulation of the dRNAs were within the genomic 59 proximal ;1 kb and the 39 270 nucleotides. However, other factors
were involved, because a dRNA with only the minimal sequences failed to be replicated. Rescue of a nonviable dRNA by
insertion of nonviral sequences between the termini suggested that “spacing” between terminal cis-acting signals influenced
fitness. A continuous open reading frame (ORF) through most of the sequences derived from the 59 of the genome was a
requirement for dRNA amplification. In general, insertions, deletions, or nucleotide substitutions were tolerated in the dRNAs
as long as an ORF was retained, whereas dRNAs with mutations that prematurely terminated the ORF were not viable. To
discriminate between a requirement for an essential protein and ribosomal travel, perhaps to present replication signals to
the replicase complex, mutations were made to modify the potential protein but still maintain an ORF. Deletions, insertions
of nonviral sequences, or switching of reading frames that altered the amino acid sequence of the protein, except the
N-terminal 161 amino acids, did not destroy the fitness of the dRNAs. Yet termination of the ORF in the middle of nonviral
sequences did destroy the ability of the dRNAs to be amplified. These results suggest that even though a continuous ORF
was needed for fitness, its protein product did not affect the amplification of the dRNAs. © 2000 Academic Press
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(INTRODUCTION
Citrus tristeza virus (CTV), the most destructive virus of
the citrus industry worldwide (Bar-Joseph et al., 1989), is
a member of the Closterovirus genus within the Clostero-
iridae. The large, flexuous virion (2000 nm long) con-
ists of a single-stranded positive-sense RNA genome of
19.3 kb which is encapsidated by two coat proteins.
he major coat protein (25 kDa) covers about 95% of the
article, while the minor coat protein (27 kDa) encapsi-
ates the remaining terminus (Febres et al., 1996). The
enome consists of 59- and 39-nontranslated regions
NTRs) of 105–108 and 270 nucleotides (nts), respec-
ively, and 12 open reading frames (ORFs) that potentially
ncode at least 19 protein products (Pappu et al., 1994;
arasev et al., 1995; Karasev, 2000). The 59 ORF (ORF1a)
ncodes a large polyprotein with two papain-like pro-
ease domains, a methyltransferase-like, and a helicase-
ike domain. The putative RNA-dependent RNA polymer-
se is thought to be translated from ORF1b via a 11
rameshift. The ten 39 ORFs are expressed through 39
oterminal subgenomic RNAs (Hilf et al., 1995).
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42A majority of CTV isolates are associated with multiple
efective RNAs (dRNAs) that vary in size and abundance
Mawassi et al., 1995a, b; Ayllo´n et al., 1999). Some
isolates have one or two dRNAs in major abundance
along with multiple minor dRNAs. Most of the character-
ized dRNAs consist of simple fusions of the 59- and the
39-genomic termini, but their lengths and junction sites
vary among dRNA species (Mawassi et al., 1995b; Yang
et al., 1997b; Ayllo´n et al., 1999). In contrast to defective
interfering RNAs (DI RNAs) described for many animal
and plant viruses (Holland, 1990; Roux et al., 1991), CTV
dRNAs do not noticeably interfere with virus accumula-
tion (Mawassi et al., 2000).
The genomic RNA of the virus contains, in addition to
ORFs, sequences essential for gene regulation, replica-
tion, and genome packaging. dRNAs retain conserved
cis-acting replication elements necessary for recognition
by the replicase complex, but depend on the parental
helper virus for the viral replicase and other trans-acting
factors for replication. Some dRNAs associated with CTV
consist of relatively small 59- and 39-termini, suggesting
that the replication signals of CTV reside primarily in
these terminal regions (Mawassi et al., 1995b; Bar-Jo-
seph et al., 1997).In addition to replicase recognition signals, other fac-
tors have been shown to influence dRNA fitness. One
43FACTORS AFFECTING FITNESS OF CTV dRNAsfactor is the size of the dRNA molecule. For example,
larger DI RNAs of Broad bean mottle virus (BBMV,
Pogany et al., 1997) and Brome mosaic virus RNA2
(Marsh et al., 1991) accumulate to higher levels than
smaller molecules. Yet, the opposite was found for DI
RNAs of Sendai virus ranging from 1600 to 3500 nts (Re
and Kingsbury, 1988). Also, studies on Turnip crinkle
virus (TCV) DI RNAs have shown that the size of the
molecule, rather than the specific sequence, affects the
level of their accumulation (Zhang and Simon, 1994). In
contrast, the fitness of Tobacco mosaic virus (TMV)
dRNAs was not strictly correlated with size (Lewan-
dowski and Dawson, 1998), suggesting that the juxtapo-
sition of structure affected the ability to be replicated.
The sizes of the CTV dRNA species range from small
(;1.6 kb) to nearly genomic full-length (Bar-Joseph et al.,
1997; Yang et al., 1997b; Mawassi et al., 2000). The
effects of the overall size and the lengths of termini on
fitness of CTV dRNAs are not known.
Translation of an ORF through much of the dRNA
can be another factor involved in efficient amplification
of dRNAs. This could be due to either the production of
a necessary cis-acting protein or the translation pro-
cess itself (Jacobson and Peltz, 1996). With Clover
yellow mosaic virus (CYMV) dRNAs, translatability
rather than functional protein was suggested to be
necessary for efficient accumulation in vivo (White et
al., 1992). In contrast, accumulation of some TMV dR-
NAs was facilitated by expression of a functional cis-
encoded viral protein (Lewandowski and Dawson,
2000). However, some DI RNAs have limited (BBMV,
Pogany et al., 1997) or no (Tomato bushy stunt virus;
Knorr et al., 1991) coding capacity, demonstrating that
this is not a general requirement. Sequence analysis
of naturally occurring CTV dRNAs demonstrated that
most had a large 59 ORF (Mawassi et al., 1995a, b;
Yang et al., 1997a, b), yet others did not contain a
significant 59 ORF (Ayllo´n et al., 1999).
Previously, we developed a rapid and simple assay
system to examine replication of in vitro constructed
dRNAs in Nicotiana benthamiana protoplasts (Ma-
wassi et al., 2000). In this paper, we report the fitness
of dRNAs with different combinations of 59- and 39-
terminal sequences (the term terminal sequence re-
fers to the sequences from one end of the RNA to the
junction site) and with noncontiguous deletions or
insertions of nonviral sequences. The results indicate
that the sequences essential for minimal dRNA repli-
cation reside within the 59 1 kb and the 39 NTR (270
nts) of the dRNA sequence, although internal se-
quences also affect dRNA accumulation. Our results
also indicate that translation of the ORF in the 59-
terminal sequence of the dRNA appears to be required
for efficient dRNA accumulation.RESULTS
Effect of 59-terminal sequences on the accumulation
of the dRNAs
Previously, we created three biologically active dR-
NAs that contained cis-acting sequences essential for
their replication in trans (Mawassi et al., 2000). The
59-terminal sequences of these dRNAs (CTVDBstB-
Cla:456, CTVDBstB:596, and CTVDNco-Cla:368) con-
sist of 2882 or 3692 nts from the 59-terminus of the
CTV-T36 genomic RNA joined to the 39-terminal 768 or
937 nts (Fig. 1A). Since some naturally occurring CTV
dRNAs contain fewer 59- or 39-terminal nucleotides
(Mawassi et al., 1995a, b; Bar-Joseph et al., 1997), we
reasoned that some sequences within the in vitro
synthesized dRNAs (Mawassi et al., 2000) were prob-
ably in excess of the minimal replication signals and
therefore could be deleted.
To examine the minimal 59-terminal sequence that
could support dRNA replication, we constructed a
nested set of dRNAs with 59-termini between 169 and
4600 nts, joined to a constant 39-terminus of 768 nts
(Fig. 1B). In vitro transcripts of the resulting cDNAs
were examined for their ability to be replicated in N.
benthamiana protoplasts using CTV-DCla as helper
virus (Satyanarayana et al., 1999). CTV-DCla contains
the 59 NTR plus ORFs 1a and 1b and the first 100 nts
of ORF2 (p33) (nts 1–11011) joined to the 39 768 nts (nts
18528–19296) of the genomic RNA, which includes
most of ORF11 (p23) and the 39 NTR (Fig. 1A). Total
RNA was extracted from the transfected protoplasts at
3 and 4 days postinoculation (p.i.), a time when dRNAs
approached maximal accumulation levels (Mawassi et
al., 2000), and was analyzed by Northern blot hybrid-
izations using T36 39 positive- and negative-stranded
RNA-specific probes. However, because the input RNA
transcripts that persisted in the cells obscured the
detection of accumulation of progeny positive-
stranded RNA (Mawassi et al., 2000), we present hy-
bridizations with the negative-stranded RNA-specific
probe (Fig. 1C). Analysis of protoplasts inoculated with
only RNA transcripts from the helper, CTV-DCla, re-
vealed two RNAs corresponding to the genomic RNA
(;12.0 kb) and a subgenomic RNA initiated by the p33
subgenomic RNA promoter (;0.85 kb) (Fig. 1C, lanes 1
and 2).
Among the dRNAs with different lengths of 59 se-
quences, those with 59-terminal sequences of 2882 nts
and larger accumulated to detectable levels (Fig. 1C,
lanes 3–10). Replication of the dRNA with a 59-terminus
of 2481 nts was not detected (Fig. 1C, lanes 11 and 12),
but that with 2122 nts was detected (Fig. 1C, lanes 13 and
14). Further reductions in the size of the 59-terminus to
1782 or 1525 nts did not result in dRNA accumulation
(Fig. 1C, lanes 15–18), but the dRNA with a 59-terminal
sequence of 1432 nts was replicated weakly (Fig. 1C,
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p45FACTORS AFFECTING FITNESS OF CTV dRNAslanes 19 and 20). None of the dRNAs with a 59 sequence
less than 1432 nts accumulated to detectable levels (Fig.
1C, lanes 21–28). These results suggested that the min-
imal 59 replication signals of CTV dRNAs resided within
the 59 1432 nts (dRNA CTVDNru-Cla:471). However, the
fact that some of the dRNAs with 59-terminal sequences
larger than 1432 nts were unable to accumulate to de-
tectable levels suggested that a factor(s) other than the
length of the 59-terminal sequence affected the replica-
tion efficiency.
In another approach to examine requirements for
dRNA accumulation, we introduced noncontiguous inter-
nal deletions into the 59-terminal sequence (3692 nts) of
the dRNA CTVDNco-Cla:368. Internal sequences ranging
in size from 70 to 538 nts were deleted from different
regions of the 59-terminal sequence, thus creating
dRNAs with noncontiguous segments (Fig. 2A). These
dRNAs were coinoculated into protoplasts with CTV-
DCla as the helper virus, and dRNA accumulation was
examined by Northern blot hybridization analysis. Among
these dRNAs, only CTVDNco-ClaDNsi:381 accumulated
to detectable levels, indicating that the dRNA CTVDNco-
Cla:368 was capable of tolerating an additional internal
deletion. Although this deletion prematurely terminated
the ORF, the 59-terminal sequence of the resultant dRNA
still had an ORF constituting ;75% of the dRNA se-
quence. The other deletions abolished replication (Fig.
2A). Among these, with the exception of CTVDNco-
ClaDBsiW:397, the deletions truncated the 59 ORF of the
dRNAs.
Because the lack of detectable accumulation of the
above dRNAs could have resulted from factors other than
59 replication signals, such as translation of a relatively
large ORF, we introduced internal deletions within the
smaller dRNA, CTVDBstB:596, that were designed to retain
a continuous ORF (Fig. 2B). The deletions ranged in size
from 59 to 421 nts. Except for dRNA CTVDBstBD0.88–1.02:
788, these dRNAs were replicated. These results sug-
gested that: (i) the deleted sequences were not required for
replication; (ii) the 59 1032 nts were sufficient for the
dRNAs to be replicated (CTVDBstBD1.03–1.09:752 and
CTVDBstBD1.03–1.45:675); and (iii) CTV dRNAs with three
noncontiguous segments were capable of being replicated
in trans.
FIG. 1. Effect of size of the 59- terminal sequence on dRNA accumula
mutant CTV-DCla, and the synthetic dRNAs CTVDNco-Cla:368, CTVDB
reading frames (ORFs, numbered above the CTV diagram) are indica
proteases, methyltransferase, helicase, and RNA-dependent RNA polym
having different 59-termini and a constant 39-terminus. Boxes and solid li
represent deleted sequences. The lengths of the terminal sequences (f
in Nicotiana benthamiana protoplasts is indicated to the right. (C) Nort
rotoplasts, at 3 (lanes a) and 4 (lanes b) days postinoculation (p.i.),
negative-stranded RNA-specific probe. Arrows indicate the positions of the d
indicated to the left. The asterisk indicates the position of a nonspecific bandRelationship between the length of the 39-terminus
and dRNA accumulation
We next examined 39 sequence requirements by mak-
ing a nested set of deletions resulting in dRNAs with
different sizes of 39 sequences, ranging from 170 to 1038
nts joined to a constant 59-terminal sequence of 2882 nts
(Fig. 3A).
The dRNAs that retained the 39-terminal NTR (270 nts)
or a larger sequence accumulated to detectable levels
(Fig. 3B, lanes 3–12). We did not detect replication of the
dRNAs that had a 39-terminal sequence of 170 or 220 nts
(Fig. 3B, lanes 13–16), suggesting that the 39 signals
essential for replication in trans resided within the 39
NTR. Figure 3B also shows that the accumulation levels
varied between the dRNAs. Under our conditions, opti-
mal accumulation was obtained for the dRNA CTVDBstB:
596 that retained the 39-terminal 937 nts.
Replication of dRNAs with minimal 59- and 39-termini
The minimal 59- and 39-termini determined above func-
tioned on dRNAs that contained greater than minimal
opposite termini. To examine whether a dRNA containing
minimal terminal sequences at both ends could repli-
cate, a dRNA with a 59-terminus of 1032 nts and a
39-terminus of 270 nts (39 NTR) was created. After trans-
fection of protoplasts with this dRNA and helper RNA,
there was no evidence of dRNA accumulation (results
not shown).
Examination of ORFs and dRNA fitness
In the earlier experiments, dRNAs with longer 59 ORFs
tended to be replicated more efficiently (Fig. 1C, lanes
3–8; Fig. 2), suggesting that replication of these dRNAs
was facilitated due to a large ORF within their 59 regions.
However, the fact that some smaller dRNAs were also
replicated suggested that translation of a contiguous
hybrid ORF extending through the ligation junction also
enabled replication.
The sequences of the dRNAs CTVDBstB:596 and
CTVDBstB-Cla:456 contained ORFs that continued
through the junction sites (Fig. 1A). In vitro translation
analysis in rabbit reticulocyte lysate confirmed that these
dRNAs contained continuing ORFs (results not shown).
) Schematic diagrams of the genomic organization of CTV, the deletion
6, and CTVDBstB-Cla:456. Translation products encoded by the open
e putative domains PRO, MT, HEL, and RdRp represent papain-like
respectively. CP, the 25-kDa coat protein ORF. (B) dRNA-like constructs
resent translatable and nontranslatable sequences, respectively; gaps
terminus to the junction) are indicated. The replicability of the dRNAs
t analysis showing the accumulation levels of the synthetic dRNAs in
TV-DCla as helper virus. The hybridization was carried out with a 39tion. (A
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46 MAWASSI ET AL.To examine whether replication of these dRNAs in trans
required translation through the junction, the ORFs were
truncated at the ligation junction sites by the insertion of
stop codons. A single point mutation U2898 3 G was
ntroduced in CTVDBstB:596 to create a stop codon
UAG) four amino acids downstream of the junction site
Fig. 4A). In CTVDBstB-Cla:456, two extra bases were
ntroduced at the junction site to terminate the reading
rame, two amino acids downstream of the junction (Fig.
A). Both resulting dRNAs were efficiently amplified (Fig.
B), demonstrating that translation through the splice
FIG. 2. Effect of noncontiguous internal deletions on dRNA accumul
CTVDBstB:596 (B) with internal deletions. Boxes and solid lines repres
deleted sequences; vertical dotted lines depict the position of the junctio
The accumulation of each dRNA in protoplasts is indicated.unction was not required for replication of these dRNAs.
We next examined whether premature termination of
t
dranslation within the sequences 59 of the junction af-
ected dRNA propagation. The ORF of the dRNA
TVDBstB-Cla:456 was disrupted by insertion of four
dditional nts, resulting in a frameshift and premature
ermination of the predicted translation product. Frame-
hift mutations were introduced into the dRNA sequence
t position 1027, 1457, or 2482 to truncate the predicted
rotein product after 352, 514, or 858 amino acid resi-
ues, respectively. None of the frameshift derivatives
ccumulated to detectable levels (results not shown).
In these frameshift mutants, translation terminated in
chematic diagrams of dRNA derivatives of CTVDNco-Cla:368 (A) and
slatable and nontranslatable sequences, respectively; gaps represent
e lengths of the termini and the positions of the deletions are indicated.ation. S
ent tranhe new reading frame, several amino acid residues
ownstream of the mutation sites, resulting in the addi-
be. The
47FACTORS AFFECTING FITNESS OF CTV dRNAstion of nonviral-encoded amino acid residues. To exam-
ine whether the premature termination of the ORF or the
presence of the additional amino acid residues affected
FIG. 3. Replication of synthetic dRNAs having different 39-termini and
and solid lines represent translatable and nontranslatable sequences,
of the termini are indicated. The replicability of the dRNAs is indicated
and 4 (lanes b) days p.i. using a 39 negative-stranded RNA-specific pro
dRNAs are indicated.the dRNA accumulation, we disrupted the ORF by di-
rectly inserting a stop codon. The UAG stop codon wasinserted in the reading frame of CTVDBstB-Cla:456 at
position 1036 (Fig. 5A). Protoplasts inoculated with the
resulting dRNA and helper RNA did not accumulate prog-
ant 59-terminus. (A) Schematic diagrams of the dRNA constructs. Boxes
tively; gaps represent deleted sequences. The positions and lengths
right. (B) Analysis of dRNA accumulation in protoplasts at 3 (lanes a)
positions of the helper CTV-DCla RNA, the subgenomic RNA, and thea const
respec
to theeny dRNA (Fig. 5B, lanes 3 and 4). To ensure that the
replication was affected by the stop codon (UAG) and not
umulat
r CTV-D
48 MAWASSI ET AL.by the insertion of 3 nts, a CAC codon encoding His was
inserted at position 1036 (Fig. 5A). The resulting dRNA
was replicated efficiently (Fig. 5B, lanes 5 and 6).
In another approach to terminate the ORF without
altering the overall size of the dRNA, we used a nucle-
otide substitution instead of insertion (Fig. 5A). Replace-
FIG. 4. Replication of synthetic dRNAs containing ORFs truncated
nucleotide sequences at the junctions. The underlined and italicized
represent translatable and nontranslatable sequences, respectively.
indicated to the right. (B) Northern blot hybridizations showing the acc
a 39 negative-stranded RNA-specific probe. The positions of the helpement of the GAU Asp codon, at position 1657 in
CTVDBstB-Cla:456, with the UAG stop codon was lethal(Fig. 5B, lanes 7 and 8), while replacement of the same
GAU codon with GAG encoding Glu resulted in replica-
tion (Fig. 5B, lanes 9 and 10). Similarly, we did not detect
accumulation of dRNA that had the CCG Pro codon at
position 268 replaced with UAG (results not shown).
However, the accumulation levels were not affected
igation junction sites. (A) Schematic diagrams of the dRNAs and the
tides were introduced to create stop codons. Boxes and solid lines
gths of the termini are indicated. The replicability of the dRNAs is
ion levels in protoplasts at 3 (lanes a) and 4 (lanes b) days p.i. using
Cla RNA, the subgenomic RNA, and the dRNAs are indicated.at the l
nucleo
The lenwhen the same CCG Pro codon was substituted with
AAG encoding Lys (results not shown). The single point
49FACTORS AFFECTING FITNESS OF CTV dRNAsFIG. 5. Effect of prematurely terminated ORFs on accumulation of CTV dRNAs. (A) Schematic diagrams of dRNAs with insertion or substitution of
nucleotides which were introduced to create stop codons or introduce different amino acid residues. Boxes and solid lines represent translatable
and nontranslatable sequences, respectively. The lengths of the termini are indicated. The replicability of the dRNAs is indicated to the right. (B)
Northern blot hybridizations showing the accumulation levels in protoplasts at 3 (lanes a) and 4 (lanes b) days p.i. using a 39 negative-stranded
RNA-specific probe. The positions of the helper CTV-DCla RNA, the subgenomic RNA, and the dRNAs are indicated.
t
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50 MAWASSI ET AL.mutations C173 3 A or U2487 3 G that truncated the
predicted translation product at amino acid residues 57
and 828, respectively, did not result in detectable dRNA
amplification (results not shown). The effects of prema-
ture termination of translation on accumulation of the
dRNA CTVDBstB:596 (results not shown) were similar to
those shown for CTVDBstB-Cla:456.
These results suggested that premature termination of
the ORF within the sequences from the 59-terminus neg-
atively affected fitness of dRNAs. Also, the results dem-
onstrated that small in-frame insertions and nucleotide
substitutions could be tolerated if the continuous ORF
was maintained within the 59-terminal sequence of the
dRNA.
Effect of translation or cis-acting protein on
accumulation of the dRNA
Retaining a continuous ORF through the 59-terminal
sequence of the dRNA CTVDBstB-Cla:456 or CTVDBstB:
596 apparently was needed for the dRNA to be replicated
in trans. However, these data do not differentiate
whether the translated protein was involved in dRNA
replication or whether the translation process, i.e., move-
ment of the ribosome on the mRNA, was needed.
One approach to examine whether a dRNA protein is
involved in dRNA replication is to determine whether
supplying the predicted protein in trans from a replicat-
ing dRNA would rescue a nonviable dRNA. We examined
the amplification of the dRNA CTVDSal-Cla:473, which
had one ORF continuing across the junction, but failed to
accumulate to detectable levels (Fig. 1C, lanes 17 and
18), by coinoculation with the efficiently replicating
dRNA, CTVDBstB:596, and the helper, CTV-DCla. The
helper and CTVDBstB:596 were amplified, but CTVDSal-
Cla:473 was not (results not shown). Replication of
CTVDBstB:596 and its putative protein product did not
rescue CTVDSal-Cla:473 in trans. However, these results
did not exclude the possibility that in trans replication of
CTV dRNA requires production of a cis-acting protein.
To further examine whether dRNA replication required
a protein acting in cis, we mutated the ORF of CTVDBstB:
596. First, a large fragment of the predicted protein prod-
uct was deleted. The in-frame deletion of the sequence
1033 to 2882 (junction site) resulted in the dRNA
CTVDBgl-BstB:691 with 1032 and 937 nts of the 59- and
39-termini, respectively (Fig. 6A). Even though these ter-
mini included 59 and 39 sequences found to be neces-
sary for replication in trans, this dRNA failed to be rep-
licated (Fig. 6B, lanes 1 and 2). Next, the green fluores-
cent protein (GFP) ORF (lacking a stop codon) was
inserted in-frame, replacing CTV sequences previously
deleted in CTVDBgl-BstB:691 (Fig. 6A). The resultant
dRNA was replicated efficiently (Fig. 6B, lanes 3 and 4),
suggesting that the predicted peptide product encoded
m
4by sequences downstream of nucleotide 1032 was not
essential for replication of the dRNA.
This experiment did not exclude the possibility that the
predicted protein, which is encoded from the 59 1 kb of
the dRNA sequence, was required for replication. Intro-
ducing deletions within this region would likely interfere
with the 59 replication signals to the detriment of dRNA
propagation. Therefore, to examine this possibility we
introduced mutations within this 59 1-kb sequence that
would mutate the predicted encoded product, but mini-
mally disturb the 59 replication signals (Fig. 7A). Two
extra nts were inserted at position 596 in CTVDBstB:596
to cause a frameshift within the ORF (dRNA CTVDBstB-
FS1:769). The new ORF terminated at nucleotide 840.
There was no detectable accumulation of this frameshift
mutant (Fig. 7B, lanes 3 and 4). Further deletion of a
single nucleotide (U at position 840) resulted in an ORF
shift and an extended new ORF that terminated at nucle-
otide 969 (dRNA CTVDBstB-FS2:791). Again, this dRNA
was not replicated (Fig. 7B, lanes 5 and 6). Next, we
deleted the nucleotide U at position 970, causing the
new ORF to be shifted to rejoin the original ORF of
CTVDBstB:596. The resultant frameshift derivative,
CTVDBstB-FS3:792, had a similar size and nearly an
identical nucleotide sequence as CTVDBstB:596, but en-
coded a predicted translation product containing the
substitution of 124 amino acid residues. This dRNA was
accumulated efficiently in protoplasts (Fig. 7B, lanes 7
and 8), indicating that a large part (amino acids 162–286)
of the predicted translation product encoded by the 59-
terminal sequence of the dRNA CTVDBstB:596 was not
required for its replication. Moreover, these results sug-
gested that the ORF messenger activity was an essential
element for replication of CTV dRNAs.
To further examine whether ribosomal travel or cis-
acting protein was important for dRNA propagation, we
designed a dRNA which had an insertion of a nonviral
sequence within the ORF. If the ability of the dRNA to be
replicated is dependent upon translation of the nonviral
sequence, then it is likely that the coding capacity, and
not the specific sequence of the encoded translation
product, is required for replication in trans.
For this purpose we used the dRNA CTVDBstBD1.03–
1.45:675, a derivative of CTVDBstB:596 (with the deletion
1033–1452), which accumulated in protoplasts efficiently
(Figs. 2B and 8). The GFP ORF, lacking a stop codon, was
fused in-frame to the dRNA sequence to replace the
deleted sequence (Fig. 8A). Protoplasts inoculated with
the resultant dRNA (CTVDBstBD1.03–1.451GFP:754) and
CTV-DCla, as helper virus, resulted in accumulation of
dRNA progeny (Fig. 8B, lanes 3 and 4). However, the
U438 3 G point mutation that truncated the GFP ORF in
he middle of its sequence resulted in loss of replicability
f the dRNA (Fig. 8B, lanes 5 and 6). Likewise, replace-
ent of a similar deletion of 1033–1452 in CTVDBstB-Cla:
56 sequence by an in-frame GFP ORF resulted in effi-
ogeny
V-DCla
51FACTORS AFFECTING FITNESS OF CTV dRNAscient accumulation (Fig. 8B, lanes 7 and 8), whereas
introducing the UAG stop codon within the nonviral GFP
ORF prevented dRNA amplification (Fig. 8B, lanes 9 and
10). Thus, these results show that translation, even of the
nonviral sequence, supported dRNA replication in trans,
suggesting that the translation process, but not the en-
coded translation product, determined dRNA fitness.
DISCUSSION
If CTV dRNAs were generated from random or near
random recombination, one would expect a continuous
FIG. 6. Replication of CTV dRNAs with nonviral sequences. (A) Sch
junction of CTVDBgl-BstB:691. The lengths of the termini are indica
hybridization blot showing the accumulation levels of the dRNA pr
negative-stranded RNA-specific probe. The positions of the helper CTspectrum of sizes of dRNA molecules to be produced in
each isolate. In general, CTV-infected plants contain oneor a few dRNAs that accumulate to high levels, suggest-
ing that there is selection of those with higher fitness. In
this study, we found that at least three factors affected
accumulation of CTV dRNAs: (i) more than minimal 59-
and 39-termini, (ii) “spacing” of the terminal sequences,
and (iii) translation of an ORF continuing through the
59-terminal sequence. However, other factors, such as
RNA folding, might be involved as well.
It has been generally thought that smaller dRNAs can
replicate more efficiently than larger dRNAs (Holland et
al., 1980). However, there appears to be little correlation
diagrams of the dRNAs. The GFP ORF was inserted in-frame in the
e replicability of the dRNAs is indicated to the right. (B) Northern
in protoplasts at 3 (lanes a) and 4 (lanes b) days p.i. using a 39
RNA, the subgenomic RNA, and the dRNA are indicated.ematic
ted. Thbetween the overall size of naturally occurring CTV
dRNAs and their accumulation levels. Abundant dRNAs
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52 MAWASSI ET AL.vary from ;1.6 kb to more than 10 kb (Mawassi et al.,
000). Among the smaller dRNAs that have been char-
cterized, the size of the 59-termini generally was larger
han 1.1 kb and the 39-termini vary from ;0.4 to 1.2 kb
FIG. 7. Replication of CTV dRNAs containing frameshift mutations.
insertions (underlined and italicized) or deletions (I) of nucleotides to sh
nontranslatable sequences, respectively. The replicability of the dRN
accumulation levels in protoplasts at 3 (lanes a) and 4 (lanes b) days p.i
CTV-DCla RNA, the subgenomic RNA, and the dRNAs are indicated.Mawassi et al., 1995b; Bar-Joseph et al., 1997). Here, we
xamined replication of synthetic CTV dRNAs of different
t
iizes and found that, although the accumulation levels
ere not correlated with the overall size, their ability to
e replicated was affected by the lengths of the termini.
rogressive deletions within these dRNAs indicated that
ematic diagrams of the dRNAs. CTVDBstB:596 was mutagenized by
ranslation of the ORF. Boxes and solid lines represent translatable and
indicated to the right. (B) Northern blot hybridization showing the
a 39 negative-stranded RNA-specific probe. The positions of the helper(A) Sch
ift the t
As ishe minimal terminal sequences required for replication
n trans resided within the 59 1032 nts and the 39 270 nts
53FACTORS AFFECTING FITNESS OF CTV dRNAsFIG. 8. Effect of translation on dRNA accumulation. (A) Schematic diagrams of the dRNAs. The CTV sequence 1033–1452 was replaced with the
GFP ORF, and an amino acid residue in the middle of the nonviral sequence was mutated to create a termination codon; shaded boxes, GFP ORF;
boxes, translatable sequences; lines, nontranslatable sequences. The replicability of the dRNAs is indicated to the right. (B) Northern blot
hybridizations showing the accumulation levels in protoplasts at 3 (lanes a) and 4 (lanes b) days p.i. using a 39 negative-stranded RNA-specific probe.
The positions of the helper CTV-DCla RNA, the subgenomic RNA, and the dRNAs are indicated.
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54 MAWASSI ET AL.(39 NTR). Interestingly, among the different 39-termini, the
ighest accumulation levels were detected for the dRNA
ith the 39-terminus of 937 nts (CTVDBstB:596), suggest-
ng that this size or sequence, which was found to be
ommon for a large proportion of naturally occurring CTV
RNAs, might provide near optimal fitness. Minimal 59-
nd 39-termini alone, however, were insufficient for rep-
ication, suggesting that some internal sequences in-
reased dRNA fitness.
The fitness of DI or dRNAs is often affected by internal
ontiguous (Pogany et al., 1997) or noncontiguous (Knorr
t al., 1991; Chang et al., 1995) sequences. Generally,
TV dRNAs have been found to be composed of a
imple fusion of the two termini of the genome, suggest-
ng that internal specific noncontiguous segments are
ot required for interactions with the replicase complex.
owever, we found that internal contiguous sequences,
hich are probably not replication signals, influenced
he accumulation of the dRNAs. While some 59-termini
ere compatible with dRNA propagation, reducing the
izes of these termini, but keeping the minimal terminal
equence, decreased their accumulation levels (Fig. 1C).
ome internal in-frame deletions did not abolish dRNA
ropagation (Fig. 2B), but caused a remarkable decrease
n accumulation levels (results not shown). Also, inser-
ion of the GFP ORF sequence in the junction site of a
onviable dRNA resulted in efficient replication (Fig. 6),
uggesting that the spacing, rather than the specific
ucleotide sequence of internal fragments, affected
RNA accumulation. One interpretation is that these se-
uences have interactions or form structures that con-
ribute as spacers to hold the molecule in such a way
hat recognition signals for replication are appropriately
xposed. Some deletions within these sequences could
lter these interactions/structures, thereby causing inter-
erence with replication in trans. In some cases, further
eletions restored the ability of the dRNA to be repli-
ated, perhaps by reconstruction of compatible interac-
ions/structures. Similar observations have been re-
orted for other viruses. Deletion of the TMV sequence
420–4902 resulted in the dRNA TMVDRT that accumu-
ated to low levels, yet additional progressive deletions
esulted in variable changes in fitness (Lewandowski
nd Dawson, 1998). In TCV, replacement of deleted re-
ions in nonviable DI RNAs with nonviral sequences of
imilar or greater lengths restored viability (Li and Simon,
991).
Maintenance of a continuous ORF within many DI or
RNAs appears to be an essential requirement for their
ccumulation. Accumulation of CYMV dRNAs in planta
epends on the maintenance of a long ORF resulting
rom fusion of ORF1 and ORF5 (White et al., 1992). For
efficient replication, RNA2-derived BBMV DI RNAs re-
quire the 59 portion of the 2a ORF (Pogany et al., 1997). In
coronaviruses, the length of the ORF provides a compet-
itive advantage for DI RNA accumulation (de Groot et al.,1992; van der Most et al., 1995). Sequence analyses of
naturally occurring CTV dRNAs revealed that most had
an ORF that continued to the recombination junction and
some had an ORF that continued through the junction to
the 39-terminal sequence (Mawassi et al., 1995a, b; Yang
et al., 1997a, b). Some dRNAs contain a second ORF (p23
ORF), although it is not clear whether this ORF is trans-
latable. Three cDNA clones of dRNAs have been ob-
tained from infected tissue that did not contain a signif-
icant 59 ORF (Ayllo´n et al., 1999). However, the fitness of
the RNA transcripts of these clones is not known. Using
synthetic dRNAs, our results clearly indicated that repli-
cation in trans requires maintenance of an ORF through
most of the sequence. In general, the dRNAs with inser-
tions, deletions, or mutations that preserved the reading
frame were viable, whereas those that terminated the
ORF were not viable.
It is unclear how translation of the ORF affects dRNA
replication in trans. Translation may increase dRNA sta-
bility and its cytoplasmic half-life. In support for this
explanation, the translatability of plant mRNAs has been
shown to increase their accumulation (Vancanneyt et al.,
1990). Also, mRNAs that contain premature nonsense
codons can be degraded by an mRNA decay pathway
(Jacobson and Peltz, 1996). Even though translatability
might protect CTV dRNAs from degradation, the majority
of the dRNAs used in this study, including those with
truncated ORFs, were relatively stable, with input RNA
transcripts persisting in the protoplasts for more than 3
days.
Another possibility is that the dRNA translation prod-
uct is needed for dRNA replication. The 126-kDa protein
of TMV appears to be required in cis for accumulation of
a class of TMV dRNAs (Lewandowski and Dawson,
2000). In contrast, several lines of evidence suggest that
the CTV dRNA-encoded protein did not affect dRNA ac-
cumulation. The protein encoded from a viable dRNA did
not act in trans to rescue nonviable dRNA. Replacement
of a large internal CTV sequence (.60% of the ORF of
CTVDBstB:596) with the GFP ORF restored dRNA viability
(Fig. 6), whereas premature termination of the ORF within
the nonviral sequence destroyed viability. Furthermore,
multiple frameshift mutations, which preserved cis-act-
ing sequences but prevented production of the native
protein, continued to be replicated (Fig. 7). The necessity
for translation of the nonviral ORF (GFP) for accumulation
of some dRNAs (Fig. 8) strengthens the argument that
the translation process, rather than the encoded protein,
affects dRNA accumulation. One explanation is that
translation has a direct effect on the RNA structure,
perhaps by unfolding the RNA to appropriately expose
cis-acting signals.
CTV populations tend to be unusually complex with
different amounts of unusually divergent genotypes and
a range of dRNAs differing in size, abundance, and
sequence. There is little information concerning how
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55FACTORS AFFECTING FITNESS OF CTV dRNAsthese populations arise or what defines a stable popu-
lation. However, the beginning of understanding factors
that affect the fitness of dRNAs is a first step toward
understanding CTV populations.
MATERIALS AND METHODS
dRNA construction and in vitro transcription
All constructs of dRNAs were derivatives of the full-
length CTV cDNA clone pCTV9 (Satyanarayana et al.,
1999) and the dRNAs CTVDBstB-Cla:456, CTVDBstB:596,
and CTVDNco-Cla:368 described previously (Mawassi et
al., 2000). The sequence and nucleotide numbering are
according to the CTV-T36 strain described by Karasev et
al. (1995) (GenBank Accession Number U16304). Nucle-
tide numbering of each dRNA is shown in the diagrams
epicted in the figures. The cDNA constructs were cre-
ted using standard procedures described by Sambrook
t al. (1989). When required, restriction endonuclease
igestions, which created noncompatible ends, were fol-
owed by end-filling with the Klenow fragment of DNA
olymerase I (New England Biolabs, Beverly, MA) prior to
igation. Nucleotide deletions or insertions and frame-
hift mutations were introduced by the polymerase chain
eaction using primers with mutagenized sequences and
ent DNA polymerase (New England Biolabs). The en-
anced GFP ORF (Crameri et al., 1996) was used in some
constructs. Plasmid DNA was prepared using the
QIAGEN Plasmid Midi kit (QIAGEN Inc., Valencia, CA)
according to the manufacturer’s instructions.
In vitro transcription was carried out in a 25-ml reaction
consisting of 2 mg NotI linearized plasmid DNA using
SP6 RNA polymerase (Epicentre Technologies, Madison,
WI) as described previously (Mawassi et al., 2000).
Freshly prepared in vitro transcripts were used directly
for inoculation of protoplasts without further purification.
Protoplast isolation and inoculation
Protoplasts were isolated from fully expanded leaves
of N. benthamiana (Navas-Castillo et al., 1997) and trans-
fection was carried out as described previously (Ma-
wassi et al., 2000). Transcripts of helper and dRNA were
coinoculated into protoplasts with a mixture of 50 ml total
olume. The inoculated protoplasts were incubated un-
er fluorescent light at 26°C.
nalysis of viral RNA
Protoplasts were harvested and the total nucleic acids
ere extracted as described previously (Navas-Castillo
t al., 1997; Mawassi et al., 2000). Agarose gel electro-
horesis and Northern blot hybridization were performed
s described by Lewandowski and Dawson (1998). Prob-
ng of the membrane with anti-digoxigenin–alkaline
hosphatase Fab fragment and developing with CSPD
hemiluminescent substrate were carried out accordingo the manufacturer’s instructions (Roche Molecular Bio-
hemicals, Indianapolis, IN). The 39-terminal 900 nts of
TV-T36 cloned into pGEM-7Zf (Promega, Madison, WI)
as used to synthesize positive- or negative-stranded
NA-specific probes using either SP6 or T7 RNA poly-
erase.
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